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a b s t r a c t

Hierarchical porous particles aggregated from primary zeolite NaY nanocrystals were hydrothermally
synthesized via a three-stage temperature control strategy, without adding any organic additives. The
as-synthesized samples were characterized using powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy
(EDX), N2 sorption, particle size analysis and Fourier Transform Infrared (FT-IR) spectroscopy. The results
show that the zeolite aggregate particles with sizes of 190–600 nm are composed of highly crystalline
zeolite NaY nanoparticles in the size range of 20–80 nm. The particle sizes of hierarchical porous aggre-
gates can be readily tuned by varying the alkalinity of the zeolite precursor gel without notably changing
the sizes of the primary zeolite nanocrystals. N2 sorption results show that zeolite NaY aggregate particles
have microporosity and mesoporosity (30.8–57.6%). The hierarchical zeolite particles exhibit very good
mechanical stability, and remain intact after ultrasonication for several hours.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Zeolites are a class of microporous crystalline solids, and they
have been widely used as catalysts, adsorbents, and ion-exchang-
ers because of their superior thermal/hydrothermal stability,
strong acidity, good shape-selectivity, and high ion exchange
capacity [1–4]. The existence of uniformly distributed cavities
and channels in molecular dimensions, typically in the size range
of 3–10 Å, endows zeolites with unique molecular recognition, dis-
crimination, and organization properties [5]. However, in some
cases, these intricate micropores in large crystals are less accessi-
ble, resulting in a significantly decreased mass transport rate of
the guest species. This has been one of the main limitations for
the utilization of zeolites. Therefore, considerable efforts have been
devoted to alleviating the diffusion limitation due to the relatively
small micropores of zeolites. The reduction of the particle size from
microns to nanometers is recognized as an efficient way towards
significantly shortened diffusion path lengths, substantially in-
creased external surface area and more exposed active sites [6–
9]. For instance, in petroleum cracking and reforming processes,
the utilization of nano-sized zeolites reduces the mass and heat
transfer resistance, and thus improves the catalytic selectivity
and diminishes the coke formation [9–11]. Preparations of zeolite
nanocrystals are often performed in a clear aluminosilicate solu-
ll rights reserved.
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tion or gel in the presence of organic templates/additives, and a
number of zeolite nanocrystals have been successfully synthesized,
such as zeolite A [7,12–14], sodalite [15,16], silicate-1 [8,17–19]
and faujasite (X or Y) [14,18,20–22]. Recently, confined-space syn-
thesis has been considered as an attractive approach for the syn-
thesis of zeolite nanocrystals because of its size-tailorability
[7,23–25]. Our recent work also demonstrated that zeolite nano-
crystals with tunable particle sizes could be easily fabricated by
employing a mesoporous carbon confined space method [26].
However, use of these nano-sized materials at the industrial scale
seems to be a formidable challenge because of the difficulties in
separation and recovery.

Hierarchical porous zeolites with combined micro/meso/
macroporosities have attracted much attention since they combine
the benefits of all pore-size regimes and have already been proven
to be beneficial for both mass transport and separation [27,28]. The
development in hierarchical porous zeolites has largely extended
their practical applications, and become one of the most promising
ways to circumvent the diffusion limitations in catalysis. For in-
stance, in some catalytic reactions, the mass transport can be dra-
matically accelerated because of the easy accessibility of the
additional pore systems (meso- or macro-pores). Generally, hierar-
chical porous zeolites can be prepared by adopting the following
two main synthesis schemes: (1) synthesis of mesoporous zeolite
single crystals by the postsynthesis treatments such as dealumina-
tion [29–31], desalination [32], steaming and alkaline leaching [31]
or some newly developed direct-mesopore-incorporated methods
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such as single-step hydrothermal synthesis with secondary-tem-
plating silylated polymers or amphiphilic organosilane [33,34],
in situ sugar decomposition [35] and carbon confined-space syn-
thesis [36–38]; (2) construction of zeolitic hierarchical structures
from zeolite nanocrystals by using different methods, such as resin
macro-templating [39], transitional templating using carbon [40]
or mesoscale cationic polymers [10,41], gel casting of colloidal
zeolite suspension [42], semi-zeolitic transformation of porous
amorphous silica materials [43,44] and recrystallization of self-
assembling zeolite seeds templated by polystyrene spheres [45].
Most of the hierarchical porous zeolitic materials reported in the
above works are easily separated and recovered by, for example,
filtration. However, they may more or less exhibit some drawbacks
such as the complicated synthetic procedures, low mechanical
strength after template removal, and use of expensive and unrecy-
clable organic templates. Therefore, it is of great interest to pursue
alternative routes for the synthesis of hierarchical porous zeolitic
materials without any organic additive and post-treatments.

More recently, mesoporous aggregates have been successfully
fabricated without any secondary templates by carefully control-
ling the H2O/SiO2 supersaturation of the precursors [46]. This work
has opened up a new possible way towards mass production of the
hierarchical zeolites at low cost. Small zeolite NaY crystals were
synthesized by Sang et al. using a two-stage temperature control
method [47]. Valtchev and Bozhilov suggested that in a high alka-
line system the aggregation mechanism would dominate during
the period of NaY crystal growth at room temperature [5]. Based
on this finding, they successfully prepared 100–300 nm spherical
NaY aggregates built up of 10–20 nm nanocrystals after 3 weeks
of hydrothermal treatment. In the present work, we attempt to
modify the synthesis procedures to synthesize hierarchical porous
NaY particles in shorter times. We report here a modified three-
stage temperature control method, which allows for the synthesis
of hierarchical porous particles in around 4 days without adding
any organic additive, pore-forming agents or seeding crystals.
The mesoporosity and the particle sizes of the zeolite NaY particles
can be also tuned without notably changing the sizes of zeolite
nanocrystals.
2. Experimental details

2.1. Zeolite synthesis

All chemicals were directly used as received without any fur-
ther purification. The reactants used were sodium hydroxide pel-
lets (99%, Sigma–Aldrich), 30 wt.% aqueous colloidal silica (Ludox
HS-30, Sigma–Aldrich), aluminum isopropoxide (98 wt.%, Sigma–
Aldrich) and doubly-deionized (DDI) water.

The molar composition of the gel used for the preparation of
hierarchicalporous NaY zeolites was 9.6Na2O:1.0Al2O3:14.4SiO2:a-
H2O (a = 175.3, 198.0, 220.7, 243.4, 288.8 and 334.2); the water to
silica molar ratio ðnH2O=SiÞ was calculated to be 12.2, 13.8, 15.3,
16.9, 20.1 and 23.2, respectively. The synthesized zeolite NaY
was then denoted Y-nH2O. Typically, in the synthesis of Y-
20.1H2O, 9.49 g of sodium hydroxide was added into a clean poly-
propylene (PP) bottle containing 37.50 g of DDI water. After the
complete dissolution of sodium hydroxide, 5.00 g of aluminum iso-
propoxide was added under agitation for 2 h to yield sodium alu-
minate solution. In the meantime, 35.25 g of aqueous colloidal
SiO2 solution was weighed and slowly poured into the freshly pre-
pared sodium aluminate solution under vigorous stirring. The mix-
ture immediately turned into a milky gel, which possessed very
low viscosity. The PP bottle was then tightly sealed. The initial
gel system was subject to a three-stage crystallization to form
NaY aggregate particles. At the first stage (initial aging), the PP bot-
tle was transferred to a 25 ± 1 �C oil bath and aged for 24 h with
constant stirring at 650 rpm. Secondly, the one-day aged precursor
was then moved into a preheated oven set at 38 �C and further
aged for another 24 h. At the final-stage, the precursor gel was
hydrothermally treated at 60 �C for 48 h. For convenience, the term
three-stage synthesis is used in this paper.

All the products were readily recovered by low-speed centrifu-
gation, followed by washing with DDI water until pH = 8–9, and
drying at room temperature for 48 h.

For comparison, commercial NaY zeolite (CBV-100) was pur-
chased from Zeolyst International and used as the reference.

2.2. Characterization

X-ray powder diffraction (XRD) patterns were recorded on a
Philips PW1140/90 diffractometer using Cu Ka target (40 kV,
25 mA) at a scan rate of 1� min�1 with a step size of 0.02�, and at
2h angles ranging from 4� to 40�. Scherrer’s equation was em-
ployed to estimate the primary size of NaY crystals. The full-width
at half maximum (fwhm) was determined at the peaks of 6.19�
(1 1 1), 15.61� (3 3 1), and 23.58� (5 3 3) [9] using NaY zeolite
(CBV-100) as the reference.

Scanning electron microscope (SEM) micrographs were taken
with a JEOL JSM-6300F scanning electron microscope (15 kV).
The energy dispersive X-ray spectrometer (EDXS) attached to the
SEM was used to conduct elemental analysis of the samples. The
final SiO2/Al2O3 ratios for each sample were obtained by taking
the average of at least 10 measurements at different spots.

IR spectra were recorded on a Perkin–Elmer Spectrum 100 FT-IR
spectrometer with samples pressed in KBr pellets. Nitrogen
adsorption–desorption experiments were carried out at 77 K on a
Micrometrics ASAP 2020 sorption analyzer. All samples were de-
gassed at 250 �C prior to each measurement. The surface area
was determined using Brunauer–Emmett–Teller (BET) method.
The micropore volume, Vmicro, and micropore size distribution were
determined by the t-plot and density functional theory (DFT)
method, respectively. The mesopore size distribution was calcu-
lated from the desorption branch using the Barrett–Joyner–Halen-
da (BJH) method. The total pore volume, Vtotal, was estimated from
the desorption branch of the isotherm at P/P0 = 0.99, assuming
complete pore saturation. The microporosity of the synthesized
sample was calculated using Vmicro% = (Vmicro/Vtotal) � 100%
[20,46]. The percentage of mesopore volume was estimated using
Vextra% = 1 � Vmicro%. The external surface area was used to estimate
the average nanoparticle size assuming that the crystals are cubic
in shape [22]

D ¼ 4061=Sexternal

where D is the diameter of the nanoparticle in nm and Sexternal is the
external surface area in m2/g.

The particle size analysis of NaY aggregated zeolite particles
was performed by light scattering method with a Malvern Instru-
ments (Malvern, UK) Zetasizer (Nano ZS series, ZEN 3600). All sam-
ples were dispersed in DDI water at a pH value of around 9, and
were subject to ultrasonication for 10 min before analysis. Trans-
mission electron microscopy (TEM) images were taken with a Phi-
lips CM20 with acceleration voltage of 200 keV.
3. Results and discussion

3.1. Effect of crystallization time

Our three-stage temperature control process is composed of (1)
initial aging (25 �C, 1 day), (2) secondary aging (38 �C, 1 day) and
(3) crystallization (60 �C, 2 days or more). To study the crystalliza-



Fig. 2. IR spectra of samples taken out at (a) 24 h, (b) 53 h, (c) 75 h, (d) 96 h and (e)
120 h during the synthesis of Y-20.1H2O.
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tion process, small aliquots of the samples were taken out of the
zeolite gel (Y-20.1H2O) after 24 h (25 �C, initial aging), 53 h
(38 �C, secondary aging), 75 h, 96 h, and 120 h (60 �C, crystalliza-
tion), respectively. Prior to each sampling, the gel was thoroughly
stirred to ensure its uniformity. The formation of hierarchical por-
ous zeolitic structures was monitored by XRD, IR, SEM and N2 sorp-
tion. The XRD did not detect any crystalline structure after
secondary aging (53 h) (Fig. 1a). Some small but broad peaks, cor-
responding to FAU-type structure, such as (1 1 1), (3 3 1) and
(5 3 3), were distinguishable after 75 h (Fig. 1b); however, the sam-
ple still contained a large amount of amorphous material. A very
fast crystallization rate was observed between 75 h and 96 h treat-
ment. A well-crystallized FAU sample was obtained after 96 h
(Fig. 1c). Further prolonging the crystallization time to 120 h re-
sulted in the intensified and narrowed diffraction peaks, suggest-
ing the increase in the crystallinity and crystal size (Fig. 1d).
Therefore, in our synthesis, well-crystallized FAU-type zeolites
with small crystal sizes can be prepared in a reasonably short time
(around 96 h) via our three-stage temperature control method.

The FT-IR spectra of samples are shown in Fig. 2. The samples
after initial aging (25 �C, 24 h) and second-stage aging (38 �C,
53 h) exhibit similar spectra without characteristic FAU adsorption
bands, indicating they are still amorphous sodium aluminosilicates
[48,49]. IR spectra of the sample treated at 60 �C for 1 day (75 h)
clearly show three FAU characteristic bands, which are double-ring
vibration at 566 cm�1 and symmetric stretching bands at 687 cm�1

and 762 cm�1. The absorption bands at around 1440 cm�1 and
1332 cm�1 weaken with time, indicating the amount of amorphous
material in the sample gradually decreases. This is due to the pro-
gressive phase transformation of amorphous phase into crystalline
FAU phase. The aged gel quickly crystallizes at this stage (crystal-
lization stage), and all characteristic bands are gradually intensi-
fied with the increasing synthesis time. The bands for amorphous
phase completely disappear and only pure FAU absorption bands
are observed in the 120 h sample. The FT-IR results are in good
agreement with the XRD results. Fig. 3a displays the SEM micro-
graph of the amorphous aluminosilicate gel (53 h). Some gel parti-
cles with irregular shapes are observed whereas other gel particles
possess spherical shape with a wide size range from a few tens of
nanometers to submicron. Valtchev and Bozhilov [5] studied a sim-
ilar gel system and they proved the existence of nuclei wrapped by
Fig. 1. XRD patterns of samples taken out at (a) 53 h, (b) 75 h,
amorphous mass, which could be verified by synchrotron in situ
XRD. At 75 h, there are a large number of relatively uniform spher-
ical particles in the size range of 100–250 nm (Fig. 3b). It is worth
noting that these submicron-sized particles are composed of very
small particles with sizes below 20 nm (Fig. 3b). However, these
particles are poorly crystallized according to the XRD and IR stud-
ies. The SEM images of the 96 h sample are shown in Fig. 3c and d
at different magnifications. At a low-magnification (Fig. 3c), very
uniform spherical particles with sizes in the range of 200–
(c) 96 h and (d) 120 h during the synthesis of Y-20.1H2O.



Fig. 3. SEM micrographs of samples from Y-20.1H2O gel after (a) 53 h, (b) 75 h, (c and d) 96 h and (e and f) 120 h.
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400 nm are observed. A close look at the sample reveals that the
particles consist of closely aggregated nano-sized particles with
sizes between 10 and 50 nm (Fig. 3d). This observation agrees well
with the XRD results, in which very broad characteristic FAU dif-
fraction patterns were obtained. Highly-crystallized porous parti-
cles (120 h sample) exhibit slightly larger particle sizes (300–
600 nm, Fig. 3e) and nanocrystal sizes (20–80 nm, Fig. 3f) than
the 96 h sample.

The 96 h and 120 h samples were analyzed by the nitrogen
sorption technique, and the results are shown in Table 1 and
Fig. 4. The 120 h sample shows higher BET surface area, micropore
volume and total pore volume than the 96 h sample. This is be-
cause the 120 h sample has higher crystallinity, and slightly larger
primary crystal sizes than the 96 h sample. In nitrogen sorption
isotherms (Fig. 4a), both samples show a steep nitrogen uptake
at very low relative pressures (P/P0 = 0.02) corresponding to the
filling of micropores. Higher N2 adsorption capacity at low pres-
sures is observed for 120 h sample, which is attributed to higher
crystallinity. An obvious type H4 hysteresis loop (from 0.40 to
0.85) is observed for both samples, signifying the filling of uniform
slit-shaped intercrystal mesopores, which arise from the packing of
zeolite nanocrystals. Another uptake appears at high relative pres-
sure (0.85–1.0) for both samples, which is attributed to the filling
of macropores formed by the packing of aggregated particles. Pore
size distributions of the 96 h and 120 h samples are shown in
Fig. 4b. Both samples show the hierarchical porous structures,
which consist of mesopores (averaged at 3.5 and 10.7 nm) and
intrinsic micropores (about 7.2 Å) arising from zeolite NaY. It is
worth mentioning that that 96 h sample exhibits a higher mesopo-
Table 1
N2 adsorption–desorption results of the samples prepared from Y-20.1H2O gel.

Samples (h) SBET (m2/g) Vmicropore (cm3/g) Vtotal (cm3/g) Vmicro (%)

Y-96 598 0.21 0.34 61.5
Y-120 691 0.29 0.42 69.0
rosity than that of the 120 h sample in the pore size range of 2–
24 nm. The formation mechanisms of relatively uniform sizes of
the zeolite aggregate particles were well described in Ref. [5].
Briefly, the employment of low-temperature aging has been shown
to have a very important influence on the formation of numerous
nuclei [5,50]. In our method, a two-stage low-temperature (i.e.,
room temperature and 38 �C) aging was specially designed to favor
the formation of a large number of nuclei, which then grew into
nanoparticles at 60 �C by consuming surrounding amorphous gels
via attachment of semi-crystalline units or amorphous gel particles
to the crystalline centers; Such spontaneous mass crystallization in
a very reactive gel system creates the chemical potential gradient,
providing uniform driving force for nanoparticle aggregation. In
addition, the sizes of the aggregated particles are greater than
those (100–300 nm) obtained at room temperature for 3 weeks
[5]. In our study, higher synthesis temperatures induced fast crys-
tallization kinetics. The porous zeolite NaY particles were then pro-
duced by aggregation of nanocrystals with well-developed crystal
faces.

Recently, Fang et al. [46] have reported that mesoporous ZSM-
12 can be fabricated by simply evaporating a certain amount of
water and alcohol from the synthesis solution before high-temper-
ature crystallization. The final product was produced by orientated
aggregation of zeolite nanocrystals, and it possessed a relatively
high mesoporosity (�59% of total pore volume). The incorporation
of a high-temperature evaporation process, however, is unsuitable
for those zeolites requiring low-temperature crystallization. For
example, SDA-free zeolite A is usually prepared at temperatures
below 100 �C. Zeolite A quickly crystallizes into large single crys-
tals during solvent evaporation. In our synthesis of hierarchical
porous aggregated particles, vigorous agitation is employed to
homogenize freshly mixed precursors at room temperature for
24 h. After this initial aging, the synthesis gel is heated to 38 �C,
and further aged at this temperature for another 24 h (secondary
aging), followed by a final-stage heat treatment (crystallization
stage) at 60 �C for 48 h or more.



Fig. 4. N2 adsorption–desorption isotherms (a) and BJH pore size distribution (b) of the samples prepared from Y-20.1H2O gel. The inset is the micropore size distributions
determined by the DFT method.
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3.2. Effect of water content

Fig. 5 shows the XRD patterns of samples produced using differ-
ent H2O/SiO2 molar ratios (12.2, 13.8, 15.3, 16.9, 20.1 and 23.2) un-
der the same synthetic conditions. The XRD patterns indicate that
all samples exhibit a FAU-type zeolite structure. Notably, the sam-
ples, typically Y-13.8H2O, Y-15.3H2O, Y-16.9H2O and Y-20.1H2O,
show significantly broadened diffraction peaks, suggesting small
sizes of the primary zeolite nanocrystals (Fig. 5b–e). The primary
crystal size of each NaY sample was estimated by Scherrer’s equa-
tion and summarized in Table 2. The primary crystal size is 33, 20,
15, 13, 18 and 45 nm for Y-23.2H2O, Y-20.1H2O, Y-16.9H2O, Y-
15.3H2O, Y-13.8H2O and Y-12.2H2O, respectively. The primary
nanocrystals with smaller sizes can be synthesized as the H2O/
SiO2 molar ratio is in the range of 20.1–13.8. When the H2O/SiO2
molar ratio is increased to 23.2 or decreased to 12.2, the primary
crystal size increases significantly. The primary crystal sizes listed
in Table 2 were estimated using external surface areas measured
by nitrogen sorption analysis. The calculated primary nanocrystal
sizes of Y-nH2O samples lie between 30 and 60 nm, which are
greater than those from XRD, but in good agreement with the data
from TEM observations as described below.

The SEM micrographs of samples are displayed in Fig. 6. Y-nH2O
samples (n = 13.8, 15.3, 16.9, 20.1 and 23.2) are fairly uniform in
crystal size, and the individual aggregates are composed of closely
packed nanocrystals, whose sizes vary from 10 to 80 nm and in-
crease with increasing the value of n. This important observation
confirms that the zeolite gel with lower water content favors the
formation of smaller FAU zeolite nanocrystals. It is noted that the
NaY zeolite particles prepared with higher silica concentration



Fig. 5. XRD patterns of samples prepared from (a) Y-12.2H2O, (b) Y-13.8H2O, (c) Y-15.3H2O and (d) Y-16.9H2O, (e) Y-20.1H2O and (f) Y-23.2H2O prepared under the same
synthetic conditions (24 h at 25 �C, 24 h at 38 �C and 48 h at 60 �C).

Table 2
Primary nanocrystal sizes and particle sizes of hierarchical porous aggregated NaY zeolite particles.

Samples Crystallite size
from XRD (nm)

Particle size from
DLS (nm)

Primary nanocrystal size
from BET area (nm)

Particle size from SEM (S) or
TEM (T) (nm)

Y-23.2H2O 33 620 50 600 ± 40 (S)
Y-20.1H2O 20 358 34 400 ± 30 (S)/(T)
Y-16.9H2O 15 247 40 280 ± 25 (S)/(T)
Y-15.3H2O 13 236 38 250 ± 30 (S)/(T)
Y-13.8H2O 18 220, 700 56 190 ± 30 (S)
Y-12.2H2O 45 - 110 300 ± 40, 650 ± 50 (S)

Fig. 6. SEM micrographs of samples of (a) Y-12.2H2O, (b) Y-13.8H2O, (c) Y-15.3H2O and (d) Y-16.9H2O, (e) Y-20.1H2O and (f) Y-23.2H2O prepared under the same synthetic
conditions (24 h at 25 �C, 24 h at 38 �C and 48 h at 60 �C).
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(i.e., small nH2O=Si) have smaller average aggregate sizes except for
Y-12.2H2O, in which submicron-sized single crystals and porous
aggregates coexist (Fig. 6b). This is probably because less uniform
crystallization occurred in Y-12.2H2O gel. For each Y-nH2O sample,
the average particle (aggregate) size was estimated from at least
500 particles in the SEM or TEM images, and listed in Table 2.
The aggregate size gradually decreases from 600 ± 40 (Y-
23.2H2O) to 190 ± 30 nm (Y-13.8H2O), and then suddenly increases
to 300 ± 40/650 ± 50 nm for Y-12.2H2O.

The particle size distributions of hierarchical porous FAU zeolite
particles were further analyzed by the light scattering method. Y-
nH2O samples with n between 13.8 and 23.2 were demonstrated,
and their particle size distributions are shown in Fig. 7. Y-
23.2H2O, Y-20.1H2O, Y-16.9H2O and Y-15.3H2O exhibit unimodal
size distributions whereas Y-13.8H2O possesses a bimodal size dis-
tribution (Fig. 7). The reason for the formation of large congregated
agglomerates in Y-13.8H2O might be due to the relatively high
alkalinity of the gel which induces non-uniform aggregation of
zeolite nanocrystals. The particle sizes of the aggregate particles
remain unchanged even after sonication for several hours, demon-
strating they are mechanically strong. The sizes of Y-nH2O zeolites
are listed in Table 2 and of the peak particle size is 220, 236, 247,
358 and 620 nm for Y-13.8H2O, Y-15.3H2O, Y-16.9H2O, Y-20.1H2O
and Y-23.2H2O, respectively, matching well with those measured
from SEM or TEM images. There is a good agreement between
XRD, SEM and particle size distribution analysis data, which show
Fig. 7. Particle size distributions of Y-13.8H2O, Y-15.3H2O, Y-16.9H2O, Y-20.1H2O, and Y-
and 48 h at 60 �C).

Table 3
N2 adsorption–desorption results and SiO2/Al2O3 ratios of as-synthesized hierarchical poro

Samples SBET (m2/g) Sexternal (m2/g) Vmicropore

Y-23.2H2O 757 82 0.30
Y-20.1H2O 598 120 0.21
Y-16.9H2O 587 101 0.24
Y-15.3H2O 506 106 0.18
Y-13.8H2O 404 72 0.14
Y-12.2H2O 629 37 0.27
that the average particle size decreased with decreasing water con-
tent ðnH2O=SiÞ.

The hierarchical porous FAU zeolite particles were also analyzed
by the N2 adsorption–desorption technique and the textual data
are presented in Table 3. The BET surface areas of Y-nH2O zeolite
samples decreases from 757 to 404 m2/g when the water to silica
molar ratio (n) decreases to 13.8; the BET surface area increases
to 629 m2/g when the n value becomes 12.2. The corresponding
micropore volume shows a similar trend, i.e., it decreases from
0.3 m3/g for Y-23.2H2O to 0.14 m3/g for Y-13.8H2O and then in-
creases to 0.27 m3/g for Y-12.2H2O. This may be explained by the
fact that the hierarchical porous zeolite particles synthesized with
n = 20.1–13.8 possess lower crystallinity as indicated by XRD and
IR studies. The BET surface areas of Y-nH2O samples are fairly com-
parable to the NaY nanocrystals (23–50 nm) reported elsewhere
[22]. In addition, the hierarchical porous FAU zeolite particles have
relatively high total pore volumes (P0.33 m3/g). The percentages
of the mesopore volume (Vextra%) in each Y-nH2O sample are sum-
marized in Table 3. Initially Vextra% increases with decreasing n
value, especially in the cases of Y-15.3H2O and Y-13.8H2O whose
mesopore volumes account for more than 50% of the total pore vol-
ume; Vextra% then largely decreases to 30.8% for Y-12.2H2O. It is
noted that micro-sized crystals usually exhibit an external surface
area less than 5 m2/g [9] and nano-sized crystals with about 45 nm
in size have BET surface area of around 95 m2/g [22]. In our case,
the external areas are calculated to be 82, 120, 101, 106 and
23.2H2O prepared under the same synthetic conditions (24 h at 25 �C, 24 h at 38 �C

us NaY zeolite particles.

(cm3/g) Vtotal (cm3/g) Vextra (%) SiO2/Al2O3

0.46 34.8 3.0
0.34 38.3 3.3
0.47 48.9 3.2
0.39 53.9 3.2
0.33 57.6 3.1
0.39 30.8 3.6
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72 m2/g for Y-23.2H2O, Y-20.1H2O, Y-16.9H2O, Y-15.3H2O and Y-
13.8H2O, respectively, which are consistent with the expected
values.

Furthermore, transmission electron microscopy (TEM) was used
to observe the hierarchical structures of the synthesized zeolite
particles. The representative TEM images of Y-13.8H2O, Y-
16.9H2O and Y-20.1H2O are shown in Fig. 8. The particle sizes ob-
tained from the low-magnification TEM images are similar to those
obtained from SEM and light scattering analysis (Fig. 8a, c and e
and Table 3). The TEM images taken at high magnifications reveal
the polycrystalline nature of these hierarchical porous particles, as
they are composed of many closely packed nanocrystals with the
average size of around 40 nm. It is noteworthy that most of the
nanoparticles show different orientations, while some of the adja-
cent nanoparticles have the same orientation, which suggests a
certain degree of intergrowth (Fig. 8b, d and f). The crystalline nat-
ure of these nanoparticles is confirmed by the existing lattice
fringes with the d spacing of 0.72 nm, which is well known for
Fig. 8. TEM images of (a and b) Y-20.1H2O, (c a
FAU-type zeolite structure. Moreover, the elemental analysis
experiments reveal the SiO2/Al2O3 ratio of all hierarchical zeolite
samples are higher than 3, which are in the range of Y-type zeolites
(Table 3). Additionally, these hierarchical porous particles may be
useful as catalysts and adsorbents, and templates or building units
for the fabrication of other materials with multi-modal porosity.
4. Conclusions

We have demonstrated that hierarchically porous aggregated
particles consisting of well-crystallized primary zeolite NaY nano-
crystals can be synthesized using our three-stage temperature con-
trol method without adding any organic additive, pore generating
agents or seeding crystals. The particle sizes and multi-modal
porosity of zeolite NaY particles can be controlled by carefully
varying the water to silica molar ratio of the synthesis gel. Impor-
tantly, the synthesis method reported in this paper is cost-effec-
nd d), Y-16.9H2O and (e and f) Y-13.8H2O.
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tive, environmental friendly and scalable for the synthesis of hier-
archical zeolite materials with tuneable size and controllable
porosity.
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